We report the characterization of the complex conductivity and dielectric function of GaN by terahertz time-domain spectroscopy. Transmission measurements are performed on an n-type, 180-m-thick, freestanding GaN crystal. Frequency dependent electron dynamics, power absorption and optical dispersion are observed over the frequency range from 0.1 to 4.0 THz. The measured conductivity is well fit by Drude theory. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1569988͔ Epitaxial GaN has been recognized as an excellent candidate material for short wavelength light emission and high power electronic applications owing to the wide band gap ͑ϳ3.4 eV͒, high breakdown field, large electron saturation velocity, and chemical stability at high temperatures. The optical and electrical properties of nitride materials have been studied extensively at ultraviolet ͑UV͒ to blue, and infrared frequency range using a variety of techniques including photoluminescence, magneto-optical infrared transmission, and infrared spectroscopic ellipsometry.
Epitaxial GaN has been recognized as an excellent candidate material for short wavelength light emission and high power electronic applications owing to the wide band gap ͑ϳ3.4 eV͒, high breakdown field, large electron saturation velocity, and chemical stability at high temperatures. The optical and electrical properties of nitride materials have been studied extensively at ultraviolet ͑UV͒ to blue, and infrared frequency range using a variety of techniques including photoluminescence, magneto-optical infrared transmission, and infrared spectroscopic ellipsometry. [1] [2] [3] [4] [5] [6] At UV frequencies, the ⌫ 5 and ⌫ 6 free excitons, 1 and longitudinal excitons 2 in GaN have been observed by emission measurements at low temperature ͑2 K͒. Using infrared ellipsometry, optical phonon modes over the frequency range from 300 to 1200 cm Ϫ1 in ␣-GaN have been determined at room temperature. 3 More interestingly, the multiquantum well based UV light emitting diode ͑LED͒ grown on a freestanding hydride-vapor-phase epitaxial GaN substrate showed more than a 1 order of magnitude increase in emission power at 340 nm compared with the LED grown on sapphire. 4 Recently, terahertz emission in nitride materials was observed with InGaN/GaN LED structures excited by the blue laser pulses from a frequency-doubled femtosecond Ti:sapphire laser. 7 In this letter, we report the characterization of the complex electric conductivity and dielectric response of a GaN freestanding crystal over the frequency range from 0.1 to 4.0 THz using THz time-domain spectroscopy ͑TDS͒. The THz TDS technique has been widely used in characterization of various materials including molecular vapors, 8, 9 semiconductors, [10] [11] [12] and conducting polymers. 13 According to the simple Drude model of conduction, the key parameters that determine the free carrier dynamics in a material are the plasma frequency p and the carrier damping rate ⌫. Since the values of p /2 and ⌫/2 are THz frequencies, the measurements should be performed in this frequency range. To fit our transmission measurements through the GaN sample, the simple Drude model requires p /2ϭ1.82 THz, and ⌫/2ϭ0.81 THz.
The GaN sample used in this study is an unintentionally doped, n-type, 5 mmϫ5 mmϫ180 m thick, freestanding crystalline plate. Originally grown on C-plane sapphire by the hydride-vapor-phase epitaxy ͑HVPE͒ technique, the GaN layer was removed from the sapphire substrate by laser liftoff. 1, 14 The c axis is perpendicular to the main planes of the sample. The sample is attached to a thin brass plate and centered over a 4-mm-diam hole in the plate, which defines the optical aperture. Another identical clear hole is used to take the reference signal designated as the input pulse. Our THz system for this measurement is a photoconductive switch based THz TDS spectrometer. 11 The system is aligned into a 4F confocal geometry that enables excellent beam coupling between the THz transmitter and receiver. In order to compress the THz beam to a diameter comparable to the size of the GaN sample while preserving the low frequency components, a pair of 25 mm focal length, high-resistivity, silicon lenses, separated by the confocal distance of 50 mm, are placed on the axis of THz beam between the two paraboloidal mirrors. As a result, midway between the two lenses, a frequency independent 2.8-mm-diam THz beam waist is obtained and on which the 4 mm sample clear aperture is centered.
The measured THz pulses transmitted through the sample and reference apertures are shown in Fig. 1͑a͒ . The peak amplitude of the first transmitted output pulse is about 30% that of the reference input pulse due to the frequencydependent absorption and reflection of the GaN sample. The additional pulses are due to multiple reflections in the GaN sample. In order to increase the signal-to-noise ratio ͑S/N͒, each pulse curve is the average of ten individual measurements. The resulting background noise of the output pulse is at the level of 0.27 pA for which S/Nϭ1100. The first signal pulse ͑multiplied by 3ϫ͒ is compared in more detail to the reference pulse in Fig. 1͑b͒ with an expanded time scale. Figure 1͑c͒ shows the corresponding normalized amplitude spectra of the input pulse and output pulse train ͑multiplied by 3ϫ͒. The oscillation in the output spectrum is due to the multiple reflections and is described by the well-known amplitude transmission function of a parallel dielectric slab. 15 The complex spectrum of the transmitted pulse E 0 () is determined by the product of the input spectrum E i () and the total transmission function of the sample where E i ()ϭE R ()exp(Ϫik 0 L); E R () is the reference spectrum, and the phase correction k 0 L is due to the freespace occupied by the sample; t 12 , t 21 and r 12 , r 21 are the frequency-dependent complex Fresnel transmission and reflection coefficients, respectively; ␣ is the power absorption coefficient, k is the sample wave vector kϭ2n/ 0 , and L is the sample thickness. Because of the relatively clean separation in time between the main transmitted pulse and the first internal reflection, the initial data analysis was performed on the main pulse only. For this simpler case the denominator in Eq. ͑1͒ reduces to unity and the frequency spectrum of only the first transmitted pulse shows no oscillation. This approximation enabled the quite accurate determination of the power absorption ␣ and index of refraction n of the sample, as shown in Figs. 2͑a͒ and 2͑b͒ , respectively. Using these determined ␣ and n, the full output pulse train was analyzed by Eq. ͑1͒ and very good agreement was obtained for both the spectral amplitude, as shown in Fig. 1͑c͒ , and phase of the entire output pulse train. The frequency-dependent dielectric constant is defined as ϭ d ϩi/( 0 )ϭ(n r ϩin i ) 2 ; where d is the complex contribution of the dielectric; is the complex conductivity; and n r and n i are the real and imaginary index of refraction, respectively. Using the relationship the real and imaginary conductivity shown in Fig. 2͑c͒ were obtained from the experimentally determined ␣ and n curves shown in Figs. 2͑a͒ and 2͑b͒.
The measured absorption, index of refraction, and complex conductivity were then theoretically fit using the simple Drude model 10, 12 for which the complex conductivity is defined by ϭi 0 p 2 /(ϩi⌫). Three parameters were used to fit the experimental data: the plasma frequency p /2 ϭ1.82 THz, the carrier damping rate ⌫/2ϭ0.81 THz and the real part of the dielectric constant Re d ϭ9.4. Given the reduced mass m*ϭ0.22 m 0 for electrons in GaN, 5 these parameters correspond to a number density of Nϭ0.91 ϫ10 16 /cm 3 and a mobility ϭ1570 cm 2 /V s. According to Ref. 5, the free carriers in the HVPE GaN crystal are dominated by O donors over Si donors. In Fig. 2͑a͒ , the material absorption of intrinsic GaN, determined by the imaginary part of the dielectric constant Im d , is responsible for the difference between the Drude fitting curve and our measurement of power absorption at frequencies higher than 2 THz. The measured real part of refractive index n r shown in Fig.  2͑b͒ agrees quite well with Drude fitting. The real and imaginary electric conductivity calculated from the optical data are shown in Fig. 2͑c͒ , respectively, where Drude fitting agrees well with the measurements.
For the data shown in Fig. 1 the receiver antenna had a total length of 10 m. In order to measure the sample with more precision below 1 THz, the receiver antenna was re- placed by one with a total length of 100 m. Figure 3 shows the resulting measured transmitted pulses with this 100 m antenna and the corresponding amplitude spectra. Due to the strong absorption at this lower frequency range, the amplitude of the transmitted output pulse is more than 1 order of magnitude smaller than the reference input pulse, and the reflected pulses were not observed. Using the same data analysis, the measured power absorption, refractive index, and complex conductivity are shown in Fig. 4 as the open circles. It should be noted that for Drude theory, the real and imaginary conductivity curves intersect at the carrier damping rate ⌫/2. This feature is shown in Figs. 2͑c͒ and 4͑c͒ for both our analysis and observations. Consequently, our high quality data enabled ⌫/2ϭ0.81 THz to be directly determined by the measurements, shown in Fig. 4͑c͒ . Using the same p /2ϭ1.82 THz, ⌫/2ϭ0.81 THz, and Re d ϭ9. 4 as that in Fig. 2 , the same Drude fitting shows excellent agreement with the measurements, and verifies accuracy of the broadband results presented in Fig. 2 , which are indicated in Fig. 4 by the solid squares. 
